Background A histopathological assessment of left atrial appendages (LAA) resected during surgical treatment for atrial fibrillation (AF) was made, with the aim of improving the prediction of postoperative AF recurrence.
trial fibrillation (AF) is the most significant arrhythmia encountered in clinical practice. 1, 2 It impairs cardiac function and carries increased risks of systemic embolism and cerebral infarction. 3 Chronic AF is frequently seen in mitral valve disease, and drug therapies are ineffective in many cases. Surgical treatment for AF has become a popular option in recent years, because of its success in restoring regular sinus rhythm and physiological atrial contractions. In addition, patients do not usually require postoperative anticoagulant therapy. 4 The pulmonary veins are believed to be the origin of repetitive activation, 5, 6 and the left atrial appendage (LAA) is frequently the source of thrombi for systemic embolism. Therefore, in the maze operative procedure for AF, the pulmonary veins are isolated and the atrial appendages are excised. 7 The radial approach is a modified version of the maze procedure, which maintains physiologic atrial transport function, atrial mechanical contraction, and blood supply; 4 only the LAA is resected. Pathological changes in resected LAA have been studied, 8, 9 but there have been few reports associating the histopathological assessment with the postoperative recurrence of AF. 10 The aim of the present study was to clarify the criteria for pathological evaluation of the LAA in surgical materials as a means of predicting the recurrence of AF after surgery.
Methods

Patient Population
This clinicopathological case -control study of resected LAA involved 57 surgical cases of valvular AF (28 men, 29 women, age 48-75 years (mean age, 63 years)) and 34 control autopsy cases with a history of regular sinus rhythm and no heart disease (18 men, 16 women, age 42-86 years (mean age, 63 years)). All the AF cases were chronic, with the duration of AF ranging from 2 months to 47 years. All patients gave approved written informed consent.
The surgical cases underwent surgery for AF between November 1994 and November 2004: 54 patients had congestive heart failure (CHF) caused by valvular disease and AF, and 3 had arterial thromboembolism. Tables 1 and 2 show the data relating to clinical background: age; sex; duration of clinical history of AF/underlying valvular disease; left atrial dimension (LAD) from echocardiographic data; pulmonary capillary wedge pressure (PCWP) and right atrial pressure (RAP) from cardiac catheterization data; postoperative cardiac rhythm; and classification of the valvular diseases that led to AF. The autopsy cases were selected from among 700 autopsies carried out between December 1997 and February 2003. These control cases with no car- diac disease were age-and sex-matched with the surgical cases and the relevant clinical data are also summarized in Tables 1 and 2 .
Tissue Preparation
Histopathological specimens of the LAA were obtained from 3 areas: (1) the orifice of the appendage; (2) the largest cross-section; and (3) the tip (Fig 1) . The histological findings in area-(1) reflected changes in the atrial free wall, whereas those in area-(2) showed fundamental histopathological changes in the LAA, and those in area-(3) showed the extension of alterations to the tip of the LAA. In the autopsy cases, the atrial free wall was excised from a point 1 cm from the LAA perpendicularly toward the atrioventricular groove. The tissue samples were fixed in 20% neutral buffered formalin, embedded in paraffin, and cut into 3-m sections. Serial sections were stained using the hematoxylin -eosin, and elastica-Masson Goldner methods.
Histopathological Assessment
Evaluations of histopathological changes were made for: (1) cardiomyocytes: size (hypertrophy and irregular cell size) and vacuolar degeneration; (2) nuclei: size (enlargement) and abnormality of shape (bizarre nuclear shape, BN); (3) intercellular fibrosis (ICF, defined below): degree of ICF in the subendocardium, myocardium, and subepicardium; (4) fatty infiltration: degree of infiltration in the myocardium; (5) endocardial thickening: thickness at the orifice of the appendage, at the largest cross-section, and at the tip of the LAA; and (6) the volume of smooth muscle cells in the endocardium. The degree of change was divided into 4 grades and scored as follows: none (score 0); mild (score +1); moderate (score +2); severe (score +3). The scoring was carried out by 4 of the authors, who each examined the specimens 3 times in random order.
In the valvular AF cases, a considerable amount of connective tissue was observed between the cardiomyocytes (Fig 2) . We used the term "ICF" to describe the fibrosis extending between individual cardiomyocytes. ICF involved a deposition of connective tissue in the intercellular space, but not in the interstitium between muscle bundles or in the perivasculum.
Morphometry
The histopathological observations were evaluated morphometrically. Photomicrographs were taken of 5 selected areas in each case: at the orifice; at the subendocardium, the myocardium, and the subepicardium in the largest crosssection of the LAA; and at the tip of the appendage. These photomicrographs were taken using a Megapixel Vision System and a digital microscope camera system (Olympus Optical Inc). Parameters were calculated using NIH Image analysis software (version 1.62). The following 4 parameters were evaluated morphometrically: (1) size of cardiomyocytes: the short diameter of the cardiomyocytes was measured at the nuclear level in 75 cells randomly selected from 5 photomicrographs at ×20 magnification; (2) size of nuclei: the short diameter of the nuclei was measured as for the cardiomyocytes; (3) shape of nuclei: shape index (SI) was calculated by the method of Nerem et al 11 according to the following formula: SI = (4 × area/perimeter 2 ). The area and perimeter of the nuclei were measured in 75 cells randomly selected from 5 photomicrographs at ×20 magnification; (4) proportion of fibrosis (F%): Adobe Photoshop software version 6.0 (Adobe Systems Inc) was used to identify red and green in the elastica-Masson Goldner stained specimens, and the ratio of myocardium to fibrotic area was calculated using the following formula: 12 F% = (area of fibrosis/area of fibrosis and myocardium) ×100. Adipose tissue, blood vessels, and edematous areas were excluded (Fig 3) . The calculations were based on average measurements from 5 photomicrographs at ×10 magnification.
The correlation coefficient between the results of the morphometric values and histological scores was calculated to judge the precision of the histopathological evaluations.
Statistical Analysis
Discontinuous variables, such as histopathological scores and case numbers for some clinical parameters, were compared using the chi-square test or the Fisher exact test, and the continuous variables such as clinical data were evaluated by Welch's t-test. 13 Scatter diagrams were plotted and correlation coefficients were calculated to measure the association between the results of the morphometry and the grading scores of the histopathological evaluations. P<0.05 was considered significant. Data are expressed as mean±SD.
Results
Distribution of Histopathological Findings in the LAA
Of the 3 regions sampled from the LAA, the endocardium was thicker at the LAA orifice than at the tip in all cases. The cardiomyocytes of the subendocardium were bigger than those of the subepicardium at the orifice and at the largest cross-section. At the tip of the LAA, the myocardium was thin, and there was little observable cellular change or ICF. ICF was extensive at the orifice of the LAA, of average intensity at the largest cross-section, and absent at the tip. The nuclear swelling and bizarre changes showed no preferential distribution to any of the regions. The pectinate muscles were recognized close to the disarray of cardiomyocytes. Adipose tissue was found mainly on the epicardial side.
In accordance with these results, we determined the area for evaluation of each histopathological finding as follows: the cellular changes, nuclear changes and ICF were examined at the largest cross-section; the endocardial thickening was examined mainly at the orifice and at the largest cross section; and the fatty infiltration was examined in all 3 regions. Table 3 .
The histopathological grading scores for ICF, cellular hypertrophy, nuclear swelling, and BN, as assessed by the authors, were associated with the proportions of fibrosis (F%), size of cardiomyocytes, nuclear size, and SI, determined by morphometry, respectively; these are summarized in Table 4 . The morphometric data showed significant correlations with the histological grading scores: F%, r= 0.617, p<0.0005; hypertrophy of cardiomyocytes, r=0.441, p<0.0005; nuclear size, r=0.419, p<0.005; and SI of nuclei, r=0.600, p<0.0005.
There were no significant differences between the histological features of the LAA and the left atrial free wall (Table 3) , except in the endocardial thickening of the atrium (p<0.001).
Structural Changes of the LAA in Patients With Chronic Valvular AF
When the histopathological findings of the control cases were compared with those of the patients with valvular AF, the tissue of the LAA in those with AF showed significantly greater hypertrophy of cardiomyocytes (p<0.0001), nuclear enlargement (p<0.0001), BN (p<0.0001), ICF (p<0.001), and endocardial thickening (p<0.001). Partial disarray of cardiomyocytes and fatty infiltration were recognized in both the AF and control groups.
Relationship Between Histological Changes in the LAA With Valvular AF and Clinical Features
No relationship was found between the histological features of the LAA and age (>65 years) or sex. A long clinical history (>10 years) of AF resulted in BN (p<0.025) and more extensive ICF (p<0.05), but a longer duration of underlying diseases (>8 years) showed no correlation with any histological features. The patients with a larger LAD had more enlarged nuclei (p<0.05), BN (p<0.05), extensive ICF (p<0.05) and fatty infiltration (p<0.025). The patients with higher PCWP had more swollen nuclei (p<0.05) and BN (p<0.05), and those with higher RAP had more hypertrophic cardiomyocytes (p<0.05), swollen nuclei (p<0.05), BN (p<0.05), and extensive ICF (p<0.05).
As for valvular AF, cases with mitral stenosis (n=18) had larger cell size (p<0.025) and more extensive ICF (p<0.001) than those without mitral stenosis. In the AF groups with mitral valve disorders, cases with rheumatic valvular disorders (n=34) had more hypertrophic cardiomyocytes (p=0.03), nuclear enlargement (p=0.009), BN (p=0.03), extensive ICF (p=0.001), and endocardial thickening (p<0.006) than those with floppy mitral valves. Compared with the controls without cardiac disease, the cases with floppy mitral valves had larger cell size (p=0.001) and nuclear size (p<0.0001), BN (p<0.0001), and more extensive ICF (p<0.0001).
Histopathological Alterations Related to the Recurrence of AF
Patients in whom AF recurred (n=20) had more cellular hypertrophy (p<0.025), nuclear enlargement (p<0.025), BN (p<0.01), and ICF (p<0.025) than those who maintained a regular sinus rhythm after surgery. Clinical data showed that patients with recurrent AF had a longer duration of AF (>10 years, p<0.01) and a more dilated LAD (p<0.025). Three patients had recurrence of AF after the first postoperative month. The procedure performed in these 3 cases was left atrial isolation, and the time elapsed until they returned to AF was 1.37±0.26 months. No significant differences in histopathological features were found between these 3 cases and the 17 cases in which AF recurred within 1 month after surgery. In 37 patients sinus rhythm was maintained for the duration of the clinical follow-up period, which ranged from 7 months to 10 years. No paroxysmal AF was recognized in these 37 patients.
Discussion
Histopathological Changes Related to the Recurrence of AF After Surgery
In this study the 3 histological features in the LAA most strongly related to recurrence of abnormal rhythm after surgery for AF were ICF, cellular hypertrophy, and nuclear abnormalities. Previous investigations have indicated that atrial ICF is the most important histopathological finding related to valvular AF. Several histological studies of valvular AF have revealed extensive fibrosis in the atrial tissue. 14, 15 Atrial fibrosis, especially microfibrosis such as ICF, is believed to be a major arrhythmogenic factor because of the formation of cardiac conduction disturbances that lead to reentry. The abnormally slow conduction that may promote the initiation and perpetuation of the reentrant circuit coincides with elements of ICF. 16, 17 The development of atrial ICF may be associated with discontinuity in electrical cellular coupling. 18 ICF surrounds individual cardiomyocytes, so extensive ICF may obstruct electrical connections and prevent conduction. Cox et al 19 suggested that micro-reentry between the incision lines cannot be blocked by the maze procedure, which is consistent with our observation that many of the patients with recurring AF after surgery had greater ICF. We therefore suggest that the multiple micro-reentries that are difficult to block with surgical incisions are produced in the atria when severe fibrosis extends into the intercellular space and separates individual cardiomyocytes.
Cellular hypertrophy and BN are the other findings associated with the recurrence of AF. The cellular and nuclear changes in the LAA that are responses to external forces, such as mechanical overload and ICF, 14, 15, 20, 21 are considered to be an arrhythmogenic factor. Cellular hypertrophy disarranges the gap junctions, forming side-to-side cellular coupling on the cellular surface that is concentrated on each side of the cardiomyocytes. 18 This disturbance impairs the electrical coupling of the cardiomyocytes, and may induce slow conduction. Combined electrophysiological and histological studies have detected conduction delay in the atrial cellular disarray. 22, 23 However, we observed both cellular disarray and fatty infiltration of the LAA in both the AF group and the control group. Thus we believe that these are non-specific changes in the left atrium.
Causes of Histopathological Alterations of the LAA With Valvular AF
AF is a major complication of mitral valve disease. The left atrium with mitral regurgitation has volume overload, and mitral stenosis is associated with pressure -volume overload. The left atrium enlarges in both situations. The dilatation of the left atrium leads to over-extension of the atrial wall with ICF, with consequent circulatory disturbances in the atrial tissue. From our observations, nonrheumatic mitral regurgitation cases, such as floppy mitral valve, have more severe structural changes in the LAA than control cases without any cardiac disease. In addition, cases of rheumatic mitral valve disease have scarring after inflammation caused by rheumatic fever, 14 which increases ICF, cellular hypertrophy, and bizarre nuclei. These postinflammatory changes would also influence the histopathological alterations of the LAA seen in this study.
The myocardium of the atrial free wall is involved in the occurrence and maintenance of AF in patients with mitral valve disease. 6 In the present study, we could only compare the histopathological changes of the LAA with those of the left atrial free wall using samples from the autopsy controls without AF. No significant differences were found between these areas except for endocardial thickening. Corradi et al 9 examined the distribution of histopathological changes in the left atria of patients with chronic AF and mitral valve disease. They reported that the light microscopic changes of cardiomyocytes were similar in the LAA and the left atrial posterior wall, which seemed to be a critical area for the maintenance of AF. They showed that interstitial fibrosis was more extensive in the myocardium of the left atrium than in the LAA; however, they also found a significant correlation between the morphometric percentage of interstitial fibrosis in the left atrial free wall and that in the LAA. 24 Therefore, we believe that the histopathological alterations observed in the LAA reflect those of other parts of the left atrial free wall.
Structural changes in the atria of valvular AF cases differ from those in cases of lone AF and in pacing-induced AF animal models. Several histopathologic studies of lone AF show that the atrial myocardium has neither ICF nor BN, despite cellular and nuclear swelling. 8, [25] [26] [27] In the present study, all of the patients had chronic valvular disorders underlying their AF; the valvular diseases also caused CHF as a complication of AF. Li et al 17 pointed out that the functional and structural changes of AF with underlying diseases such as CHF were different from those of AF induced by rapid atrial pacing. The left atrium in valvular AF cases is stimulated by abnormal blood flow and pressure and/or volume overload over a long period, which leads to severe histopathological changes, especially ICF and BN. Therefore, we suggest that the histopathological changes in the LAA observed in this study were most likely influenced by the underlying valvular disease than by AF itself.
Conclusions
We evaluated the histopathological changes in the LAA that had been resected from patients with valvular diseases who were undergoing surgery for AF. In this study, we found that the most reliable predictors of postoperative AF recurrence were the following histological features in the excised LAA: cellular hypertrophy, bizarre shapes of the cardiomyocyte nuclei, and extensive ICF.
